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Abstract 

Parity-violating deep inelastic scattering (PVDIS) has been proposed as an important new tool to 
extract the flavor and isospin dependence of parton distributions in the nucleon. We discuss finite- 
effects in PVDIS asymmetries arising from subleading kinematical corrections and longitudinal 
contributions to the 7Z interference. For the proton, these need to be accounted for in order 
to accurately extract the d/u ratio at large x; for the deuteron they are important to consider 
when searching for evidence of charge symmetry violation in parton distributions or signals for 
physics beyond the standard model. We further explore the dependence of PVDIS asymmetries 
for polarized targets on the u and d helicity distributions at large x. 
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I. INTRODUCTION 



The scattering of highly energetic leptons from nucleon targets has over the years provided 
a wealth of information on the nucleon quark and gluon (or parton) substructure. Most of 
the information has come from electromagnetic deep inelastic scattering (DIS) of electrons 
(or muons), while neutrino DIS has yielded complementary constraints on valence and sea 
parton distribution functions (PDFs) via the weak current. 

A relatively unexplored method of measuring PDFs is through the interference of electro- 
magnetic and weak currents, which in principle selects a unique combination of quark flavors. 
This involves measuring the small 'y-Z^ interference amplitude in the neutral current DIS of 
a polarized electron from a hadron h, e h e X . Because the axial current is sensitive to 
the polarization of the incident electron, measurement of the asymmetry between left- and 
right-hand polarized electrons is proportional to the 7-^° interference amplitude. 

In fact, in the 1970s parity-violating deep inelastic scattering (PVDIS) on the deuteron 
provided an important early confirmation of the standard model of particle physics 
Three decades on, experimental techniques are sophisticated enough now to enable left-right 
asymmetries to be measured to a few parts-per-million, and current facilities will be able to 
improve the statistics of the earlier experiments by an order of magnitude 4|. 

For parity-violating scattering from an isoscalar deuteron, the dependence of the left- 
right asymmetry on PDFs cancels in the parton model, so that the asymmetry is determined 
entirely by the Weinberg angle, 9w- In the SU(2)xU(l) electroweak theory, the Lagrangian 
corresponding to the parity-violating (PV) lepton-quark interaction (for two quark flavors) 
is given by 5, ^: 

C^^ = [67^756 {CiuU-ff,u + Cidd-f^d) + e-f^e (C2nM7/^75M + C2ddj^j5d)] , (1) 

where Gp is the Fermi coupling constant, and the electroweak couplings at tree level are: 

+ ^sin^Ow , (2a) 

I - Isin'Ow, (2b) 

+ 2sm'^ew , (2c) 

I - 2sm^ew ■ (2d) 
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With our conventions the vector and axial vector couphngs of the charged lepton are gy = 
— 1 + 4sin^6'vK and g'^ = +1, respectively. The vector couplings of the quarks are given 
by gy = ~l/2 + (4/3)sin^^vK and gy = 1/2 — (2/3) sin^ 6*14/, while the quark axial vector 
couplings are g'^ = 1/2 and gj^ = —1/2, respectively. The deuteron asymmetry is therefore 
a sensitive test of effects beyond the parton model, such as higher twist contributions, or of 
more exotic effects such as charge symmetry violation in PDFs or new physics beyond the 
standard model. 

More recently it has been suggested that PVDIS can be used to probe parton distribution 
functions in the largely unmeasured region of high Bjorken-x 7|,l8l]. In particular, the PVDIS 
asymmetry for a proton is proportional to the ratio of d to u quark distributions at large x. 
Current determinations of the d/u ratio rely heavily on inclusive proton and deuteron DIS 
data, and there are large uncertainties in the nuclear corrections in the deuteron at high x 
. While novel new methods have been suggested to minimize the nuclear uncertainties 
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12l |. the of use a proton target alone would avoid the problem altogether. 



In this paper we critically examine the accuracy of the parton model predictions for 
the PVDIS asymmetries in realistic experimental kinematics at finite Q^. In particular, 
in Sec. [TTl we provide a complete set of formulas for cross sections and asymmetries for 
scattering polarized leptons from unpolarized targets, including finite-Q^ effects. PVDIS 
from the proton is discussed in Sec. Illlt where we test the sensitivity of the extraction of the 
d/u ratio at large x to finite-Q^ corrections. One of the main uncertainties in the calculation 
is the ratio of longitudinal to transverse cross sections for the 7-^° interference, for which no 
empirical information currently exists. We provide some numerical estimates of the possible 
dependence of the left-right asymmetry on this ratio. 

For deuteron targets, we examine in Sec. IIVI how the asymmetry is modified in the pres- 
ence of finite-Q^ corrections, and where these can pose significant backgrounds for extracting 
standard model signals. Finally, we explore in Sec. |V] the possibility of using PVDIS with 
polarized targets to constrain quark helicity distributions at large x. A comprehensive dis- 
cussion of polarized PVDIS in the parton model was previously given by Anselmino et al. 
[13I : here we perform a numerical survey of the sensitivity of polarized PVDIS asymmetries 
to spin-dependent PDFs. In Sec. I VI I we make concluding remarks and outline future work. 



3 



II. PARITY- VIOLATING DEEP INELASTIC SCATTERING 



In this section we outline the formahsm relevant for parity-violating deep inelastic scat- 
tering of an electron (four-momentum I) from a nucleon target {p) to a scattered electron 
(/') and hadronic debris (px), via the exchange of a virtual photon or Z°-boson (g). We 
discuss the general decomposition of the hadronic tensor, and provide formulas for the PV 
asymmetry in terms of structure functions, and in the parton model in terms of PDFs. 



A. Hadronic Tensor 



We begin with the differential cross section for inclusive electron-nucleon scattering, 
which in general can be written as the squared sum of the 7- and Z°-exchange amplitudes. 
We will consider contributions to the cross section from the pure 7 exchange amplitude 
and the 7-Z interference; the purely weak exchange contribution to the cross section is 
strongly suppressed relative to these and can be neglected. 

Formall y, t he cross section can be written in terms of products of leptonic and hadronic 



tensors as 



dndE' 

where E and E' are the (rest frame) electron energies, is (minus) the four-momentum 
transfer squared, and a is the electromagnetic fine structure constant. The lepton tensor for 
the interference current in Eq. (I3j) is given by: 

Lf. = {9v + >^9a) , (4) 

with A = +1(— 1) for positive (negative) initial lepton helicity, and the purely electromag- 
netic tensor is given by: 

= 2 {IX + I'X - 1 ■ I'g^.. + ^A£^,«^ n'^) . (5) 

The hadronic tensors for the electromagnetic and interference contributions are given by: 

X 

x{27if 6{px-p-q) , (6) 
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where M is the nucleoli mass, and J^^^^ is the electromagnetic (weak) hadronic current. In 
general, the hadronic tensor for a nucleon with spin four-vector S'^ can be written in terms 



of 3 spin-independent and 5 spin-dependent structure functions 



13|: 



~ M ^ Mp-q 2 2Mp ■ q =^ 

+ (q'^S" g\ + 2xp'^S^ g\) - ^^^^ ^ ^^^^ gl (7) 

p ■ q ^ 2p ■ q 

, S ■ q p^p^ i S -qg^^ ^ 
\p ■ q) p ■ q 

for both the electromagnetic (i = 7) and interference (i = 7Z) currents. Each of the 
structure functions generally depend on two variables, usually taken to be and the Bjorken 
scaling variable x = Q^/2Mz/, where u is the energy transfer. 

Below we will consider scattering of a polarized electron from an unpolarized hadron 
target, in which only the spin-independent structure functions -F^-^s enter. Asymmetries 
resulting from scattering of an unpolarized electron beam from a polarized target, which are 
sensitive to the spin-dependent structure functions gj^^, will be discussed in Sec. |Vl 



B. Beam Asymmetries 

The PV interference structure functions can be isolated by constructing an asymmetry 
between cross sections for right- (o"/j) and left-hand (cr^) polarized electrons: 

where a = (Pa / (EldE' . Since the purely electromagnetic and purely weak cross sections 
do not contribute to the asymmetry for <^ M|, the numerator is sensitive only to the 
7-Z interference term. The denominator, on the other hand, is dominated by the purely 
electromagnetic component. In terms of structure functions, the PVDIS asymmetry can be 
written: 

PV _ ( GfQ' \ 9\ [^^yFf -2[l-l/y + xM/E]Ff) + g^y x{2 - y)F2' 



V4v^7ra J 2xyF^ -2[l-l/y + xM/E]F, 



where y = u/E is the lepton fractional energy loss. 

In the Bjorken limit (Q^, u 00, x fixed), the interference structure functions F^^ and 
F2^ are related by the Callan-Gross relation, = 2xF^^ , similar to the electromagnetic 



structure functions 13|. At finite Q^, however, corrections to this relation are usually 
parameterized in terms of the ratio of the longitudinal to transverse virtual photon cross 
sections: 

for both the electromagnetic (7) and interference (7 2') contributions, with 

'■^ = i + ^ = i + ^- (11) 

In terms of this ratio, the PVDIS asymmetry can be written more simply as: 

9a ^1 + ^ ^3 



plZ e plZ 

F7 2 ^ F7 



(12) 



where the functions Yi^s parameterize the dependence on y and on the R ratios: 



_ 1 + (1 - y)^ - y\l - rV(l + W^)) - 2xyMlE f l + 
' l + il-yy-y^il-ry{l + W))-2xyM/E\l + Wj' ^ 

^ l + {l-yy-y^{l-ry{l + W))-2xyM/E\l + Ry' ^ ' 

In the Bjorken limit, the kinematical ratio — * 1, while the longitudinal cross section 
vanishes relative to the transverse, i?* — 0, for both 2 = 7 and 7Z. For kinematics relevant 
to future experiments (Q^ ~ few GeV^, v ~ few GeV), the factor 2xyM / E provides a small 
correction, and can for practical purposes be dropped. In this case the functions Yi and 



have the familiar limits jl|: 

Yi^l, (14a) 

Typically the contribution from the term is much smaller than from the Yi term because 
9v ^ 9% although for quantitative comparisons it needs to be included. 



C. Electroweak Structure Functions 

The PVDIS asymmetry can be evaluated from knowledge of the electromagnetic and 
interference structure functions. At leading twist of the electroweak structure functions can 
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be expressed in terms of PDFs. For reference these are listed (at leading order in as 
follows: 



Pii^) = \ll''l (^(^) + ^(^)) ' (15a) 

F:^{x) = 2xF7(x) , (15b) 
for the pure electromagnetic case, while 

F;"{x) = J2^g9v iqi^) + <l{x)) , (16a) 
<? 

F^^{x) = 2xFf{x) , (16b) 



'fix) 



are the structure functions for the weak-electromagnetic interference, where the quark q and 
antiquark q distributions are defined with respect to the proton. 

In terms of PDFs, the PV asymmetry in Eq. f|T2|) can be written as: 

^^^-(££)'^-^^-'-*- 

where the vector term ai is given by: 

2E,e, Ci, (g + g) 



while the axial vector term is: 



In this analysis we will focus on the large-x region dominated by valence quarks, so that the 
effects of sea quark will be negligible. 

At finite Q^, corrections to the parton model expressions^ appear in the form of pertur- 
batively generated as corrections, target mass corrections [15], as well as higher twist (1/Q^ 
suppressed) effects. Some higher twist effects in PVDIS have previously been investigated 



in the literature 



161]. One should also note that at large x perturbative calculations beyond 



leading order can become unstable and threshold resummations need to be performed 17]. 



A detailed study of each of these corrections will be published elsewhere 18|; in the 
present study we focus on the finite-Q^ effects on the asymmetry arising from non-zero 



values of W^"i^\ which to date have not been considered. While data and phenomenological 
parametrizations are available for W 19|, l20|, 1211], currently no empirical information exists 



on . In our numerical estimates below, we shall consider a range of possible behaviors 
for and examine its effect on A^^ . 



III. PVDIS ON THE PROTON 

Parity- violating DIS on a proton target has recently been discussed as a means of con- 
straining the ratio of to u quark distributions at large x At present the d/u ratio is 
essentially unknown beyond x ~ 0.6 due to large uncertainties in the nuclear corrections in 

nn 

the deuteron, which is the main source of information on the d quark distribution [9|, 112[ . 
Several new approaches to determining d/u at large x have been proposed, for example using 



spectator protou tagg,ug ,u semi-inclusive DIS from the deuteron (ul. or through a rat.o of 

■^He and '^H targets to cancel the nuclear corrections [10]. The virtue of the PVDIS method 
is that, rather than using different hadrons (or nuclei) to select different flavors, here one 
uses (the interference of) different gauge bosons to act as the flavor filter, thereby avoiding 
nuclear uncertainties altogether. 

In the valence region at large x, the PV asymmetry is sensitive to the valence u and d 
quark distributions in the proton. Here the functions ai and in Eqs. (1181) for the proton 
can be simplified to: 

p l2Ciu - QCid d/u 
= AVdfu ' ^''^^ 

and 

p 12C2U- QC2d d/u 
A + d/u 

This reveals that both a{ and a| depend on the d/u quark distribution ratio. 

To explore the relative sensitivity of the proton asymmetry A^^ to the vector and axial 
vector terms, in Fig. [1] we show the functions Yi and Y3 for the proton as a function of 
X, evaluated at = 5 GeV^, for a beam energy E = 10 GeV (which we will assume 
throughout). For Yi, the solid line (at Yi = 1) corresponds to = W, while the dashed 
(dotted) curves around it represent +(— )20% deviations of from W (see below). For Y3, 
the Bjorken limit result {R? = 0,r^ = 1) is given by the dotted curve, the dashed curve has 
W = but 7^ 1, while the solid represents the full result with W ^ and 7^ 1. In all 
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0.4 - 



FIG. 1: Yi and as a function of x, for = 5 GeV^ and £^ = 10 GeV. For Yi, the solid line 
(at Yi = 1) corresponds to K^^ = W 1^, while the dashed (dotted) curves around it represent 
+(— )20% deviations of from W . For I3, the Bjorken limit result {W = 0,r^ = 1) is given by 
the dotted curve, the dashed has W = {) but / 1, while the solid represents the full result. 



cases we use W from the parametrization of Ref . 19[ . The results with the parametrization 
of Ref. [2^ are very similar, and are consistent within the quoted uncertainties. 

Note that at fixed Q^, the large-x region also corresponds to low hadronic final state 
masses W , so that with increasing x one eventually encounters the resonance region aXW 
2 GeV. For = 5 GeV^ this occurs at x ^ 0.62, and for = iq GeV^ at x ^ 0.76. This 
may introduce an additional source of uncertainty in the extraction of the PV asymmetry 
at large x, arising from possible higher twist corrections to structure functions. In actual 
experimental conditions, the value of can be varied with x to ensure that the resonance 
region is excluded from the data analysis. For the purposes of illustrating the finite-Q^ 
effects in our analysis, we shall fix at the low end of values attainable with an energy of 
E = 10 GeV, namely = 5 QeV^. 

The relative roles played by the vector and axial vector terms at different values is 
illustrated in Fig. [21 where Yi and Y^ are plotted as a function of at a fixed x = 0.7. In 
Fig. [2t^a) we show the dependence of Yi on the interference ratio . With = W the 
result is unity, as expected from Eq. fll3ap . Varying by ±20% relative to W {l^ results 
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FIG. 2: Yx and as a function of (5^ for x = 0.7 and E = Id GeV: (a) Dependence of Yi on , 
for = Q.SW (dotted), = W (solid), and = 1.2W (dashed), (b) Dependence of ^3 
on W, in the Bjorken hmit (i?T = 0,r2 = 1) (dotted), with W = but / 1 (dashed), and full 
result (solid). 

in an ^ 4% shift at _ 1 GeV^, decreasing to < 1% for _ iq GeV^. 

For the axial vector contribution, in Fig. [2](b) we show Y3 under various kinematical 
approximations, namely in the Bjorken limit {W = 0,r^ = 1), for W = {] but 7^ 1, and 
the full result. The differences between the full and Bjorken limit results are of the order 
40% at g2 = 5 GeV^ and ~ 20% at = iq GeV^. The rise in F3 with jg kinematical, 
since ?/ ~ z/ ~ for fixed x and E. Because the axial contribution is suppressed relative 
to the vector term in A^^ , gy -C g'X, the uncertainty in arising from 1^3 will be less 
significant. Numerically, the ratio a^/a\ of the axial to vector terms, using the CTEQ6 22 | 
parametrization of the PDFs, ranges from 0.21 — 0.24 for 0.4 < x < 0.9. Although the 
axial vector term is small, it is nevertheless important to take into account in precision 
determinations of . 

The sensitivity of the proton asymmetry , measured in parts per million (ppm), to 
the d/u ratio is illustrated in Fig. [3] as a function of x, for = 5 GeV^, where A^^ /Q"^ 
is shown. Here we assume that = W, so that the coefficient Yi in the vector term is 
unity. For the u and d distributions we use the CTEQ6 PDF set [22], in which the d/u ratio 
vanishes as x — 1, along with a modified d/u ratio which has a finite x ^ 1 limit of 0.2 j^, 
d/u —^d/u + 0.2 exp(— (1 — x)^) |23|, motivated by theoretical counting rule arguments 



2J]. Also shown (dotted band around the CTEQ6 prediction) is a ±1% uncertainty, which 
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FIG. 3: Proton PV asymmetry Ap^ /Q'^ as a function of x, for = 5 GeV^, in parts per million 
(ppm) • GeV~^. The prediction with the standard CTEQ6 PDFs (dashed) is compared with that 
using a modified d/u ratio at large x (solid). A ±1% uncertainty band (dotted) is shown around 
the standard CTEQ6 prediction. 

is a conservative estimate of what may be expected experimentally at JLab with 12 GeV 
0,0]. The results indicate that a signal for a larger d/u ratio would be clearly visible above 
the experimental errors. 

At finite the asymmetry A^^ depends not only on the PDFs, but also on the lon- 
gitudinal to transverse cross sections ratios W and for the electromagnetic and 'yZ 

y. A number of measurements of the former have been 
20, W in the DIS region exist. 

In Fig. m the relative effect on from W is shown via the ratio where 
^(RT)^pv _ ^pv _ j^^^^^') ig ^]2g difference between the full asymmetry, with non-zero values 
of and that calculated in Bjorken limit kinematics, Ap^^^\ 

The effect on from the purely kinematical correction in the Y3 term (with W = 0), 
compared with the Bjorken limit prediction, is of the order 2 — 4% over the range 0.5 ^ 
X ^ 0.9. Including the W ratio from Ref. 19| reduces the effect down to ~ 1 — 3% over 
the same range, with an uncertainty of ^ ±0.5% for x ^ 0.8, and ~ 1% at larger x. This 



interference contributions, respective 
taken at SLAG and JLab 
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FIG. 4: Relative effects on the proton PV asymmetry Ap^ from the electromagnetic ratio 
(keeping R''^ = R''), compared with the Bjorken limit asymmetry Ap^ The full results (solid), 
for = 5 GeV^, are compared with those for R"^ = (but 7^ 1) (dot-dashed), with the dotted 
curves representing the uncertainty on R'^ (from the "iiiggo" parameterization of Ref. 3]). For 
reference the relative uncertainty in A^^ arising from the d/u ratio is also shown (dashed). 

behavior can be easily understood from the expression for Y3 in Eq. fll3bp . While the 
factor in the numerator of Y3 leads to a larger asymmetry at finite (the dependence 
in the denominator is in contrast diluted by the y"^ factor), a non-zero value for W in the 
denominator of Eq. (113b|) decreases I3 and lowers the overall correction. 

These effects are to be compared with the relative change in arising from different 
large-x behaviors of the d/u ratio (dashed curve), expressed as a difference of the asym- 
metries with the standard CTEQ6 22 1 PDFs and ones with a modified d/u ratio [o], I23I . 
^(f^/")y^PV^^PV(o)^ where Ap^^'^^ is computed in terms of the standard (unmodified) PDFs. 
This is of the order 2% for x ~ 0.5, but rises rapidly to ~ 10% for x ~ 0.9. While the kine- 
matical and W corrections are smaller than the (maximal) d/u effect on the asymmetry, 
these must be included in the data analysis in order to minimize the uncertainties on the 
extracted d/u ratio. 

In contrast to W, no experimental information currently exists on the interference ratio 
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FIG. 5: Relative effects on tlie proton PV asymmetry Ap^ from the jZ interference ratio 
compared with the Bjorken hmit asymmetry Ap^ The basehne result for R^'^ = R^' (dotted) 
is compared with the effects of modifying R^^ by ±10% (solid) and ±20% (dot-dashed), for = 
5 GeV^. For reference the relative uncertainty ^^'^/"^^p^/Ap^^'^^ from the d/u ratio is also shown 
(dashed). 

W'^ . Since W'^ enters in the relatively large Yi contribution to A^^, any differences between 
B?'^ and W could have important consequences for the asymmetry. At high one expects 
that ^ W at leading twist, if the PVDIS process is dominated by single quark scattering. 
At low Q^, however, since the current conservation constraints are different for weak and 
electromagnetic probes, there may be significant differences between these. 

In Ref. 25|] the ratios of to ctt cross sections for electromagnetic and weak processes 



were calculated using a model which combines the low-Q^ behavior from (axial) vector 



meson dominance with perturbative QCD constraints at high 26|]. The resulting ratios 
W and (which describes the purely weak Z-exchange contribution) were found to differ 
by (< 1%, 17%, 22%) for x = (0.4, 0.6, 0.85) at = 5 GeV^. The differences at 
Q2 = 10 GeV^ were (< 1%, 9%, 23%) for the same x values [23]. 

For the interference ratio one may expect qualitatively similar behavior to that of 
W and , with R^^ possibly lying in between the purely electromagnetic and weak ratios. 
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However, in the absence of a quantitative determination of , we take a more conservative 
estimate of the possible differences, and consider a range of possibihties, with W and 
differing by 0%, 10% and 20% for all x. 

These are illustrated in Fig. El where we plot the ratio 5'^'^^^Mp^/y4p^^°'', with d^^'^^^'A^^ 
the difference between the full asymmetry and that calculated in Bjorken limit kinematics, 
^pv(o)^ The baseline correction with = W (dotted curve), equivalent to the solid curve 



in Fig. H]), with W from Ref. 19|, is compared with the effects of modifying W'^ by ±10% 
(solid) and ±20% (dot-dashed). The result of such a modification, which comes through the 
Yi term in the asymmetry, is an ^ 1% (2%) shift of relative to the i?^^-independent 
asymmetry. For x ^ 0.6, a 20% difference between and W would be comparable to, 
or exceed, the maximal d/u uncertainty considered here (dashed curve), although at larger 
X the sensitivity of to d/u becomes increasingly larger. As with the W corrections in 
Fig. m the possible effects on the asymmetry due to W'^ are potentially ^ significant, which 
warrants further work in understanding the possible differences with W [1^ . 



IV. PVDIS ON THE DEUTERON 

In the late 1970s parity-violating DIS on the deuteron provided an important early test 
of the standard model jll,]^. In the parton model, the asymmetry for an isoscalar deuteron 
becomes independent of hadronic structure, and is given entirely by electroweak coupling 
constants. At finite Q^, however, contributions from longitudinal structure functions, or 
from higher twist effects, may play a role. The higher twists have been estimated in several 
of phenomenological model studies [l^ . More recently, it has been suggested that PVDIS on 
a deuteron could also be sensitive to charge symmetry violation (CSV) effects in PDFs (see 
Ref. {28! for a review of CSV in PDFs). In this section we explore the contributions from 
kinematical finite-Q^ effects and the longitudinal structure functions on the PV asymmetry, 
and assess their impact on the extraction of CSV effects. 

A. Finite-Q^ Corrections 

Assuming the deuteron is composed of a proton and a neutron, and neglecting possible 
differences between free and bound nucleon PDFs, the functions ai and in Eqs. (11 Sal) and 
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FIG. 6: Relative effects on the deuteron PV asymmetry j4^^ from the electromagnetic ratio 
(with K^^ = R^), compared with the Bjorken limit asymmetry ^4^^ ^'^K The full results (solid), 
for = 5 GeV^, are compared with those for = (but 7^ 1) (dot-dashed), with the dotted 
curves representing the uncertainty on R'^ (from the "-R1990" parameterization of Ref. jigl]). 



]18bp for a deuteron target become: 



6 

- (2Ci„ — Cid) 
5 

6 

7 (2C2M — C2d) 

5 



(20a) 
(20b) 



If in addition Kl 



and 



7Z 



-R^^, as is observed experimentally [19j, then the y 



dependent terms in the deuteron asymmetry become 
The PV asymmetry can then be written as: 



Yf = Yi and Y^ 



Yi ^ Y,. 



A 



PV 



V10y27ra/ ^ 



(2Ci„ — Cid) + Y^ (2C2„ — C; 



2d 



(21) 



which in the Bjorken limit {Yi 



1, Y. 



fiy)) becomes independent of hadron structure, 



and is a direct measure of the electroweak coefficients Ciq. 



PV(0) 



In Fig. [6] the relative effect on A^"^ from W is shown via the ratio 6'^^^^ / A 
where S^^'^'A^ is the difference between the full asymmetry and that calculated in Bjorken 
limit kinematics, y4^^''°\ The correction due to W is qualitatively similar to that for the 
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FIG. 7: Relative effects on tfie deuteron PV asymmetry from tlie jZ interference ratio 

R^'^ compared with the Bjorken limit asymmetry The baseline result for R?^ = B? 

(dotted) is compared with the effects of modifying W'^ by ±10% (solid) and ±20% (dot-dashed), 
for Q2 = 5 GeV2. 

proton asymmetry in Fig. HJ although slightly smaller. The effect on from the purely 
kinematical correction in the term (with W = 0) is an increase of order 1% over the 
Bjorken limit asymmetry in the range 0.5 ^ x ^ 0.9. Inclusion of the W ratio cancels the 
correction somewhat, reducing it to ^ — 0.5% for x ^ 0.6, and to ^ 0.5 — 1% for x > 0.6. 

The effects of a possible difference between and W are illustrated in Fig. [7] through 
the ratio 6^^^^^A^'^/A^^^'^\ where ^'^^''^^A^^ is the difference between the full and Bjorken 
limit asymmetries. As for the proton in Fig. [5l the baseline correction with = W 
(dotted curve) is compared with the effects of modifying by a constant ±10% (solid) 
and ±20% (dot-dashed). This conservative range is, as for the proton, motivated by the 
phenomenological study of W and in Ref. 251], and the relatively weak isospin depen- 



dence of W 



19|, I20]. This results in an additional ^ 0.5% (1%) shift of A^^ for a 10% 



(20%) modification relative to the baseline asymmetry for x > 0.5. Such effects will need 
to be accounted for if one wishes to compare with the standard model predictions, or when 
extracting CSV effects in PDFs, which we discuss in the next section. 
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FIG. 8: Relative effects on the deuteron PV asymmetry of CSV in PDFs, compared with the 
charge symmetric asymmetry. The CSV distributions 5u — 6d are from the MRSTQED fit 31 1 
(soHd) and from the parametrization 6u — 6d = 2nf(x) (dashed, see text), with k = —0.2 (best 
fit), and the two 90% confidence levels, k, = —0.8 and k = +0.65 



I, see 



B. Charge Symmetry Violation 



In the entire discussion above an implicit assumption has been made that charge sym- 
metry is exact, namely that the quark distributions in the proton and neutron are related 
by u'^ = and = d^. Quark mass differences and electromagnetic effects are expected, 
however, to give rise to (small) violations of charge symmetry in PDFs, which may be 
parameterized by: 



5u = -d"^ , 
Sd = dP- m" . 

Non-zero values of 6u and 6d have been predicted in nonperturbative models o: 



291] , and can in addition arise from radiative QED effects in evolution 



30 



(22a) 
(22b) 

the nucleon 



31 



32|. 



It is convenient to define the u and d quark distributions in the presence of CSV according 
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to |33|: 

u ^ w^-y = t^" + y , (23a) 
ci ^ d--^ = «" + ^. (23b) 

With these definitions, the deuteron functions af and a| in the asymmetry can be 
written: 

4 = af)+5(^s^)a^ , (24a) 

= af ) + 5(cs^)a^ , (24b) 

where af'^^ and 03*^°^ are given by Eqs. (I20ap and (]20bp . respectively. The fractional CSV 
corrections are given by: 

5(csv)^^ ^ 3 2Ci^ + Cm \ fSu-6d\ 

(25b) 



afo) V 10 2(2Ci„-Cw); V « + 
5(csv)^d / 3 2C2„ + C2d A f5u-5d 



a 



f) V 10 2(2C2.-C2d); \u + d 



In Fig. [8] we plot the effect of CSV in valence PDFs on the deuteron asymmetry . 



The asymmetry using the MRSTQED parametrization 



3l| of 5u — 6d (solid curve) gives an 



0.5 — 1% effect for 0.5 ^ x ^ 0.9, similar to the effect predicted from nonperturbative 



(bag model) calculations [29|. The phenomenological fit [30] Su — 6d = 2k/(x), with f{x) = 
x^^/^(l — x)^{x — 0.0909) and k a free parameter, results in a similar correction to the 
asymmetry, ~ 0.5% for most of the x range considered. The best fit gives k = —0.2, 
although the constraints on k are relatively weak, with values of k = —0.8 and +0.65 giving 
~ 1.5 - 2% effect for 0.5 < x < 0.8 at the 90% confidence level. 

For the central values (best fit parameters), the magnitude of the CSV effect on the 
asymmetry at = 5 GeV^ is similar to that due to the finite-Q^ kinematics (r^ 7^ 1, 
W 7^ 0) seen in Fig. [6l and may be smaller than that due to possible differences between 
and W in Fig. [71 Unless the finite-Q^ corrections are known to greater accuracy than at 
present, they may impede the unambiguous extraction of CSV effects from the asymmetry. 

On the other hand, since the finite-Q^ corrections are expected to decrease with Q^, while 
the CSV effects are leading twist effects, a cleaner separation should be possible at larger Q^. 
In Fig. [9] the effect of W on (solid) is compared with the CSV results 30|] for different 
K values (dashed) at = 10 GeV^. The deviation from the Bjorken limit kinematics of the 
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FIG. 9: Relative effects on the deuteron PV asymmetry from CSV in PDFs [30] (dashed, see 
Fig. ED and from B? |l9^ (with = W, sohd) at = ig GeV^, compared with the charge 
symmetric asymmetry in Bjorken Hmit kinematics. The shaded area represents the uncertainty in 



curve is clearly less than the corresponding result at = 5 GeV^ in Fig. [6] (the shaded 
region here indicates the uncertainty in W), whereas the CSV results are similar to those 
at the lower Q^. The contrast is especially striking at x ~ 0.6, where the CSV effects are 
several times larger than the correction to due to W . At larger x the CSV effects for 
the central /t value become comparable to the W uncertainty, however, the 90% confidence 
level corrections (/t = —0.8 and +0.65) are of the order 2% and are still several times larger 
than the E? uncertainty. 

These results suggest that if the CSV effects in PVDIS from the deuteron are of the order 
~ 0.5%, the optimal value of x to observe them would be x ~ 0.6 at = 10 GeV^. If the 
CSV effects are of order ~ 2%, they should be clearly visible over a larger x range, even up 
to X ~ 0.8. Note that the minimum value of x attainable at the = 10 GeV^ kinematics 
{x ~ 0.53) is somewhat smaller than at the lower vales because at fixed incident energy 
and the fractional lepton energy loss exceeds unity at higher x. 



W. 
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V. PROSPECTS FOR PVDIS ON POLARIZED HADRONS 



In this section we explore the possibihty of extracting spin- dependent PDFs in parity- 
violating unpolarized-electron scattering from a polarized hadron. In particular, we examine 
the sensitivity of the polarized proton, neutron and deuteron PVDIS asymmetries to the 
polarized Am and Ad distributions at large x, where these are poorly known. The Ad 
distribution in particular remains essentially unknown beyond x ~ 0.6. 

The PV differential cross-section (with respect to the variables x and y) for unpolarized 
electrons on longitudinally polarized nucleons can generally be written in terms of 5 spin- 
dependent structure functions [3]: 

2 / xM\ ( xyM\ / xM\ 



where the nucleon (longitudinal) spin vector Sl is given by = (0; 0,0,1), and A is the 
average over A = +1 and A = — 1 (see Eq. (jlj). The analog of the PV asymmetry in Eq. ([8]) 
for a polarized target can be defined as: 

aPV(A,^^)+crPV(A,-5^) ' ^ ^ 

where (j^^(A, 5"^) = d'^a^^ /dxdy. Some of the structure functions gj^^ have simple parton 
model interpretations, while others do not. At present there is no phenomenological infor- 
mation about these structure functions. In order to proceed, we shall therefore consider the 
asymmetry in the high energy limit, M/E 0, which eliminates the structure function . 
In this limit, the operator product expansion gives rise to the relation gj^ — gj^ = 2xgJ^ , 
which further eliminates one of the functions. Furthermore, in the parton model the gj^ 
structure function vanishes, leaving the Callan-Gross-like relation gj^ = Ixgl^^ . In terms of 
the remaining two structure functions, the spin-dependent PV asymmetry can be written: 



AA"' = I g= /(,) 21- + 9» I , (28) 



# - 



where the kinematical factor /(y) is given in Eq. ( 114bl) . 

In the QCD parton model the gl^ and gl^^ structure functions can be expressed in terms 
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FIG. 10: Sensitivity of the polarized proton PV asymmetry AAp^ on the spin-dependent Au 



and Ad distributions. The asymmetries for the BB 3J] (sohd), AAC [35] (dashed) and DNS 
(dotted) distributions are evaluated relative to the baseline asymmetry for the LSS PDFs \^\. 



of helicity dependent PDFs Aq as [13]: 

af = $^e,<7^(Ag + Ag) 

Y.^,9\ (Ag-Ag) 



7Z 



(29a) 
(29b) 



where Ag is a function of x and . Using these expressions, the PV asymmetries for proton, 
neutron and deuteron (which in this analysis we take to be a sum of proton and neutron) 
targets can then be written [33|: 

1 



AA 



PV 



6 GfQ' 



TXOL 



[(2Ci„A^i - C^AAd)j{y) + (2C2„Am - Ca^Arf)] 



4-u + 



A<v = {{2C^u^d - CuAu)f{y) + (2C2„Arf - C2,Au)] f 



(30a) 
(30b) 

Generahzations to higher order are straightforward, however, just as in the unpolarized 
case, care should be taken with large-x resummations 17|], which could modify some of the 
quantitative conclusions at x ~ 1. 



AA 
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In Fig. [To] we illustrate the sensitivity of the proton asymmetry AA^^ to the Am and 
Ad PDFs, by compa ring the difference 6AA^^ in the asymmetry arising from different 



parametrizations 34 



35 



36l |. relative to the LSS parametrization 37|]. The effects at in- 



termediate X, X ~ 0.5 — 0.6, are of order 20%, however, these increase rapidly with x. At 
X ~ 0.7 — 0.8 the AAC [35], DNS 36] and LSS [s^] par ametrizations give asymmetries that 
are within ~ 20% of each other, whereas the BB fit |3J] deviates by 50 — 100% in this range. 
The results for neutron and deuteron targets are found to be very similar to those in Fig. [TOl 
While this does not constitute a systematic error on the uncertainty in AA^^ due to PDFs, 
it does indicate the sensitivity of polarized PVDIS to helicity distributions at large x, and 
suggests that a measurement of AA^^ at the 10 — 20% level could discriminate between 
different PDF behaviors. 



VI. CONCLUSIONS 

Parity-violating deep inelastic scattering provides a unique tool with which to study novel 
aspects of the partonic structure of the nucleon, such as the flavor dependence of PDFs in 
the region a; ~ 1 or charge-symmetry violation in PDFs, or even more exotic physics beyond 
the standard model. In this paper we have examined the sensitivity of the PVDIS process 
to finite-Q^ effects which can give rise to important corrections to parton model results at 
scales Q'^ ~ few GeV^. 

The suppression of the leptonic vector couplings relative to the axial- vector couplings 
Ciq leads to the dominance of the parity-violating asymmetry A^^ by the hadronic-vector 
term Oi. In practice the hadronic axial- vector contribution amounts to some some 20% of 
the total, for both proton and deuteron targets, and must be accounted for in quantitative 
numerical analyses. In particular, the as term is associated with the kinematical dependence 
on the ratio W of electromagnetic longitudinal to transverse photon cross sections. 

For the proton asymmetry, which is sensitive to the d/u parton distribution function ratio 
at large x 7|, the corrections from non-zero values of - 1 = AM'^x^/Q^ and lead to 
an ^ 1 — 2% shift in over the range 0.6 ^ a; ^ 0.8, with an uncertainty of ±0.5%, 
increasing to an ^ 3% shift for x ^ 0.9 with an uncertainty of ±1%. This is to be compared 
with a sensitivity ranging from ^ 3 — 10% in the asymmetry due to different behaviors of 
the d/u ratio for the same range of x. 
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The correction from the longitudinal to transverse 7 — Z interference cross section ratio 
W'^ , which has an unexplored phenomenology, could contribute to A^^ if it differs signif- 
icantly from W , especially given that enters through the large, Cig-weighted vector 
term. While we expect that ^ W at high deviations of 10% (20%) at ^ 5 GeV^ 
would result in 1%(2%) shift in the asymmetry. For x ^ 0.6 this would be comparable 
to the maximal d/u effect on A^^ , although at larger x the sensitivity to d/u becomes 
increasingly larger. 

For the deuteron asymmetry, the low-Q^ corrections due to and W are similar to those 
for the proton at = 5 GeV^, although slightly smaller, and lead to an increase of ^ 1% 
in the Bjorken-limit asymmetry for x ^ 0.85. Possible deviations of from W can lead 
to further corrections to A^^ , ranging from 0.5 — 1% for 10 — 20% differences between 
the ratios. Such effects are comparable with those arising from charge symmetry violation 
in PDFs, as estimated in nonperturbative models and phenomenological fits to data. This 
suggests that without better knowledge of the low-Q^ corrections, and W'^ in particular, 
extracting unambiguous information on CSV at these kinematics may be difficult. On the 
other hand, since the CSV effects on PDFs are leading twist, they will persist at larger 
where the corrections due to B?^"^'^^ will be suppressed. A cleaner separation of the CSV 
effects should therefore be more feasible at larger Q^, ~ 10 GeV^, where the CSV effects 
can be up to several times larger than those due to finite longitudinal cross sections. The 

n 

proposed experiments at JLab with 12 GeV [4] plan to measure the PV asymmetries over 
a wide range of and y at fixed values of which should enable the various effects to be 
disentangled. 

Finally, we have explored the possibility of constraining spin-dependent PDFs from 
PVDIS of unpolarized leptons from polarized hadrons. Currently there is considerable 
uncertainty in the behavior of the Am and Ad helicity distributions at large x, and our 
estimates suggest that, while challenging, measurement of polarized PV asymmetries at the 
10 — 20% level could discriminate between different PDF behaviors for x > 0.7. Whether 
this can be achieved experimentally in the foreseeable future remains to be seen 38 1. 

For the future, a number of outstanding issues can be identified. Firstly, the present 
exploratory studies need to be complemented by more quantitative determinations of , 
either from model calculations or from phenomenology, in order to reduce the uncertain- 
ties in the low-Q^ corrections to the asymmetries. In addition, target mass corrections to 
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the interference structure functions F^^^ should be computed, which may have important 
consequences in the large-x, low-Q^ region [l^. Furthermore, the effects of higher twist 
contributions to electroweak structure functions must be taken into account; although these 
have been estimated in nonperturbative models to be relatively small 16| , they nonetheless 
need to be included in a complete analysis of PVDIS at few-GeV^ scales. The work pre- 



sented here sets the stage for more detailed theoretical analysis [iSjl in the run-up to future 



precision PVDIS measurements at facilities such as Jefferson Lab |3|, |4|. 
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